Introduction
Familial aggregation of diabetic nephropathy (DN) supports a genetic contribution to disease pathogenesis [1, 2] . The clinical parameters felt to be diagnostic of DN in patients with type 2 diabetes mellitus (T2DM) may capture significant numbers of patients with non-diabetic aetiologies of chronic kidney disease (CKD) [3, 4] . Association analyses utilizing large numbers of cases and controls may allow for genetic dissection of this complex disorder.
Recent reports reveal that the MYH9 gene underlies several common and complex kidney diseases in African Americans, including biopsy-proven idiopathic and human immunodeficiency virus (HIV)-associated focal segmental glomerulosclerosis (FSGS) and clinically diagnosed 'hypertension-associated end-stage renal disease' (ESRD) [5] [6] [7] . These disparate kidney diseases often cluster in African American families, with family members having ESRD attributed to T2DM [8] [9] [10] . It remains possible that MYH9 polymorphisms underlie CKD in a subset of T2DM-ESRD cases, particularly in multiplex-affected families.
Initial analyses of MYH9 and DN-associated ESRD in 703 African Americans from the Family Investigation of Nephropathy and Diabetes (FIND) did not detect association. However, a subset (n = 284) of the Wake Forest T2DM-ESRD cases demonstrated positive odds ratios for an association within an underpowered analysis [5, 6] . Therefore, we performed a MYH9 association analysis using a larger sample of 751 African Americans with clinically diagnosed T2DM-ESRD born in the southeastern U.S. and recruited at Wake Forest, 925 non-diabetic and non-nephropathy African American control subjects and 227 African Americans with T2DM lacking nephropathy, in order to increase power for detecting disease association.
Research design and methods

Participants
Self-described African Americans born in North Carolina, South Carolina, Georgia, Virginia or Tennessee formed the study populations. DN cases were unrelated, prevalent dialysis patients with DN listed as the cause of ESRD on the CMS 2728 form. After identification at dialysis clinics, follow-up chart reviews were performed by a single investigator (BIF). Type 2 diabetes was diagnosed in those treated with oral agents and/or insulin, in the absence of insulin only treatment for more than the first year after diagnosis. DN was confirmed if a chart review revealed a diagnosis by renal biopsy or the clinical criteria of T2DM duration ≥5 years prior to dialysis with diabetic retinopathy and/or proteinuria >500 mg/24 h or urine dipstick protein >30 mg/dl, in the absence of other causes of ESRD. Nearly 25% of individuals who were coded with DN on their CMS 2728 form were excluded, typically due to short durations of T2DM prior to ESRD. Unrelated, non-diabetic African Americans born in these states and recruited from Wake Forest medicine clinics or community screening events served as non-diabetic controls. Non-diabetic controls denied a personal or family history (in first degree relatives) of diabetes, kidney disease or ESRD. Most of the non-diabetic controls lacked renal function and blood glucose measurements, although we have collected this information in recent years and only 0.5% (1/200) had non-fasting blood glucose >150 mg/dl (152 mg/dl) and 2% (4/200) had serum creatinine concentrations ≥1.5 mg/dl (maximum 1.85 mg/dl).
A second association analysis was performed in a T2DM nonnephropathy (hyper-normal) control group recruited from the same geographic region. Hyper-normal controls consisted of 227 African Americans with T2DM lacking evidence of nephropathy. These controls had a serum creatinine concentration <1.5 mg/dl (men) or <1.3 mg/dl (women), urine albumin:creatinine ratio <30 mg/g and minimum 10-year diabetes duration. The study was approved by the Institutional Review Board at the Wake Forest University School of Medicine and met criteria outlined in the Declaration of Helsinki. All participants provided written informed consent.
SNP selection and genotyping
Fourteen SNPs in MYH9 were chosen for genotyping (Table 2) , based on strong evidence of an association with kidney disease in prior studies [5] and subsequent detailed evaluation of the MYH9 gene region and haplotypes (data not shown). The MYH9 E1 risk haplotype (rs4821480, rs2032487, rs4821481 and rs3752462) and L1 risk haplotype (rs7078, rs12107, rs735853 and rs5756129) [7] , previously associated with H-ESRD, were evaluated. SNP genotyping was performed on a Sequenom Mass Array Genotyping System (Sequenom, San Diego, CA, USA).
Seventy di-allelic ancestry informative markers (AIMs) were genotyped to provide individual admixture proportion estimates used to control for population substructure in the association tests. The African American cases and control DNA samples were genotyped using either Illumina Inc.'s Custom Genotyping Services (San Diego) or using the Sequenom MassARRAY (San Diego). Thirty-nine unrelated European American controls were recruited, as described for the African American controls, and DNA was obtained from 44 Yoruban Nigerians (YRI) from the National Institute of General Medicine Sciences (NIGMS) Human Variation Collection (Coriell Repositories, Camden, NJ, USA).
Statistical analyses
Each SNP was tested for departures from Hardy-Weinberg equilibrium (HWE) expectations via a chi square goodness of fit test [11] . Linkage disequilibrium was estimated using the classic D and r 2 statistics as implemented in d-prime (http://www.phs.wfubmc.edu/public_bios/sec_gene/ downloads.cfm) and Haploview 3.32 [12] . All tests for association are adjusted for gender and admixture proportions. The individual admixture proportions were estimated via the expectation maximization (EM) algorithm implemented in the software FRAPPE [13] . To test for an association between each SNP and non-diabetic ESRD, we computed the overall genotypic test of association and the three a priori genetic models (dominant, additive and recessive). We tested for departures from additivity and computed the allelic and two-and three-marker haplotypes. These tests were computed using SNPGWA and Dandelion (http://www.phs.wfubmc.edu/public_bios/sec_gene/downloads.cfm); both programs use the EM algorithm for haplotype estimation. Both large sample test distribution and permutation methods were used to estimate statistical significance.
Results
DNA from 751 African Americans with T2DM-ESRD and 925 non-diabetic non-nephropathy controls were genotyped for 14 MYH9 SNPs. Of the cases, 62% were female and had developed diabetes at a mean of 39.3 years and initiated dialysis at 58.7 years (Table 1) . Frequentist estimation of individual ancestry proportion (FRAPPE) was used to calculate the proportion of African ancestry in cases and controls [14] . The 70 AIMs revealed mean African ancestry proportions of 0.79 (SD = 0.10) in non-diabetic controls and 0.80 (SD = 0.11) in diabetic ESRD cases.
The 14 SNPs genotyped spanned 49.3 kb of MYH9, encompassing the majority of the coding region (see [7] for gene structure and SNP linkage disequilibrium plot). Genotyping success rates for the MYH9 SNPs were 95.5-99.5% in cases and controls. A concordance rate of 99.8% was observed in 484 duplicate samples that were genotyped for quality control purposes. Genotyping success rates for the AIMs varied between 93.1 and 98.5%. Table 2 summarizes allele frequencies and results of the single SNP genotypic association analysis for the diabetic ESRD cases versus non-T2DM controls. The gender and admixture-adjusted analysis revealed single SNP associations with diabetic ESRD. Consistent with prior reports, these associations were stronger under the recessive model, with 8 of 14 SNPs showing a significant effect at the 0.05 level. These associations were comparably significant without adjustment for admixture (Table 2) . Table 3 contains results of a priori MYH9 E1 and L1 haplotype associations in diabetic ESRD versus non-T2DM controls. This analysis allowed for comparison with results A second association analysis contrasted these SNPs in the 751 T2DM-ESRD cases with 227 T2DM hypernormal non-nephropathy controls (Table 4 ). This analysis attempted to determine whether the evidence of association was with T2DM per se or kidney disease. The age-, genderand ancestry-adjusted analysis revealed that the single SNPs rs4821480, rs2032487 and rs4821481 were associated with T2DM-ESRD (OR 1.38-1.40 recessive; all P < 0.048). The E1 haplotype also trended towards significant differences between diabetic ESRD cases and diabetic hyper-normal controls after adjustment for age, gender and ancestry (OR 1.28 recessive, P = 0.13) ( Table 5) .
Discussion
These analyses demonstrate that MYH9 gene polymorphisms are associated with clinically diagnosed T2DM-associated ESRD in African Americans. The excess risk of hypertension-associated ESRD, FSGS and HIV-associated nephropathy (HIVAN) in African Americans appears to be partly due to a lower frequency of MYH9 risk alleles in European Americans (4%), compared to 60% in African Americans [5, 6] However, MYH9 exhibits stronger evidence of an association with FSGS, HIVAN and nondiabetic ESRD, relative to diabetic ESRD as described herein. We can only speculate on reasons for the lack of the MYH9 association in 703 African Americans with diabetic ESRD ascertained in the FIND study [6] . Controls in FIND appear to be similar to ours without kidney disease or diabetes. There was no overlap between participants in the FIND and Kopp et al. reports, although Wake Forest recruited large numbers of different African American subjects in the FIND. Wake Forest cases and controls in this report were born in the southeastern U.S. and are potentially a more homogeneous sample. We accepted urinalyses revealing >30 mg/dl albuminuria on medical record review as evidence of significant proteinuria, but could not always quantitate proteinuria as was more often performed in FIND participants. Our initial report containing 284 of these cases [5] was clearly underpowered; however, the OR for the associated SNPs and the E1 haplotype were similar in this and the original report. Association in the current study could have resulted from MYH9 causing susceptibility to T2DM. An analysis comparing the 751 T2DM-ESRD cases with 227 additional African Americans with T2DM lacking nephropathy revealed that three SNPs in the strongly associated E1 haplotype were associated with diabetic ESRD. The role of MYH9 in regulation of the podocyte cytoskeleton and prior associations with several non-diabetic aetiologies of ESRD also make an association with ESRD far more likely. The MYH9 association in this report, coupled with those in the FSGS, HIVAN and hypertension-associated ESRD, supports a role for MYH9 in familial aggregation of ESRD in African Americans throughout the United States [15] .
Diabetes was hypothesized to be the cause of ESRD in these cases based on widely accepted clinical criteria (similar diagnostic criteria were applied in the FIND) [16] . It is likely that a subset of these cases had occult primary FSGS causing ESRD, with coincident type 2 diabetes. MYH9 associations with DN cannot be proven without renal biopsy material [3] . In an attempt to confirm the diagnosis of DN, we carefully reviewed medical records in 26 diabetic ESRD cases receiving medical care at Wake Forest Baptist Medical Center and inheriting four MYH9 risk haplotypes (two each at E1 and L1). This subset analysis was performed since we had access to local medical records over extended periods of evaluation; thus we felt we could more easily determine if the phenotypes in these cases were atypical for DN. The mean (SD) age of diabetes onset in these selected cases was 40 (11) years, age at ESRD 58 (8) years and diabetes duration prior to ESRD 19 (9) years. Sixteen cases received insulin, and 18/26 had documented diabetic retinopathy. Ophthalmologic reports were not available in the remaining eight cases, although these eight subjects had a mean age at ESRD of 59 (7) years, with pre-dialysis diabetes duration 15 (6) years. A dipstick urine protein was available in 22 of 26 cases (19 cases ≥300 mg/dl and 3 cases ≥100 mg/ dl). Hence, these cases were clinically indistinguishable from classic DN. One patient with bilaterally enlarged and hyperechogenic kidneys on renal ultrasound and severe proliferative diabetic retinopathy post-laser photocoagulation had undergone renal biopsy. The sample contained 17 glomeruli with diffuse diabetic glomerulosclerosis and an early nodular component on light microscopy (electron and immunofluorescence microscopy not performed). All glomeruli were enlarged with the uniform thickening of their basement membranes and pronounced mesangial sclerosis and accentuation of tuft lobulation signifying classic diabetic glomerulosclerosis.
The recent demonstration that MYH9 gene polymorphisms commonly cause FSGS in African Americans makes this the most common inherited cause of FSGS. The MYH9 gene product is a mechano-enzyme localized to the podocyte foot process and responsible for movement of actin filaments. Proteins comprising the filtration slit barrier actively regulate actin dynamics in order to maintain normal cell structure [17] . Prior to these reports, MYH9 was associated with rare autosomal dominant forms of macrothrombocytopenia, often with variable degrees of sensorineural deafness, cataracts, neutrophil inclusions and glomerular disease [18, 19] .
African Americans with non-specific and incompletely characterized causes of ESRD, typically attributed to hypertension and diabetes, are thought to be a heterogeneous group. The MYH9 association with hypertension-and diabetes-associated ESRD in African Americans reveals a unifying major genetic aetiology for these syndromes [20] . African Americans develop ESRD attributed to diabetes mellitus four times more often than European Americans [21] , although MYH9 associations are clearly weaker in diabetic, relative to non-diabetic, forms of ESRD. Phenotype information in African Americans labelled as having diabetes-associated ESRD is often poor, typically resulting from late referral and lack of kidney biopsies [22] . The difficulties in classifying type 2 diabetic ESRD, coupled with strong familial aggregation, were reasons for searching for causative genes [23] . Regardless of the actual underlying histology, this association analysis demonstrates that African Americans who appear to have type 2 diabetesassociated ESRD on clinical grounds may have MYH9-associated disease. Evaluation of renal biopsies in diabetic subjects with early stages of nephropathy will be necessary to clarify whether the disease is MYH9-associated FSGS or classic DN. Towards this end, we performed an analysis estimating the contribution that an odds ratio of 1.27 for the MYH9 E1 haplotype would have to the burden of T2DM-ESRD in African Americans. The calculation is based on the OR calculated from two contingency tables: one for MYH9 E1/E1 versus FSGS, one for the same factor versus T2DM-ESRD. Under the hypothesis that diabetic ESRD contains a fraction of cryptic 'MYH9-related disease', we may consider the effect of MHY9 using a 2 × 2 table:
Here X and Y are respectively the number of control and disease subjects in the study, f is the normal control frequency of the MYH9 E1/E1, P is the fraction of T2DM-ESRD that is 'cryptic MYH9 disease' and d is the frequency of MYH9 among subjects with MYH9 kidney disease. From the table, we may calculate the odds ratio, r, for MYH9 E1/E1 for diabetic kidney disease:
If we were looking at MYH9 kidney disease itself (i.e. FSGS), P would be 1. Letting the odds ratio for this be R, we get R =
. From the Kopp et al. and the current study, we have values for r, R and f; using these we solve for d and then for P, the quantity sought [5] . From Table 3 in this paper, we set f = 0.36 and R = 4.7. For the calculated OR (95% CI) for MYH9 in T2DM-ESRD = 1.27 (1.04-1.56), we obtain for P, the hypothesized fraction of MYH9-associated T2DM ESRD, 16% (95% CI 2.5-29%). The results were consistent with ∼16% of African American T2DM-ESRD cases from the southeastern USA having MYH9-associated kidney disease. Coincidentally, this is also the approximate percentage of diabetic subjects with ESRD who are postulated to have non-diabetic forms of ESRD [3, 4] and raises the possibility that MYH9 may explain a significant proportion of non-DN present in African Americans with clinically diagnosed DN.
In conclusion, several SNPs and two haplotypes in MYH9 are significantly associated with clinically diagnosed type 2 diabetes-associated ESRD in African Americans. The MYH9 association with disparate kidney diseases, including HIVAN, FSGS, hypertension-associated ESRD and diabetes-associated ESRD likely account for the familial aggregation of disparate kidney diseases in African American families. It remains unclear whether MYH9 is associated with the classic histologic changes attributed to DN (e.g. diffuse thickening of the glomerular basement membranes, mesangial expansion and/or nodular glomerulosclerosis) or with diseases in the FSGS-global glomerulosclerosis spectrum in African Americans who have longstanding diabetes mellitus and proteinuria. Future studies in subjects with biopsy-proven kidney disease are urgently needed to answer this question.
